Abstract -The aromatic system of graphite is capable to form complexes with transition metals, The paper summarise the methods of preparation and catalytic properties of graphite compounds with iron, cobalt, nickel, molybdenum, palladium and other metals. The investigation by different physical methods including EXAFS proofs the %-complexes formation by the interaction of metal atoms with graphite. The comparison was carried out of theoretical calculations and experimental data.
The general trend of modern coordination chemistry is to spread its ideas and methods to the new fielas-from solid state chemistry to the chemistry of living objects. Another feature of modern coordination chemistry is the growing attention to the polynuclear and cluster sructures and to the structures with polyligands. Among the latter quasitwodimensial polyligands such as molybdenum and tungsten halcogenides, layered silicates and, especially, graphite are of significant importance.
Graphite and other carbon materials (pyrographite, pyrocarbon, amorphous carbon, carbon and graphite fibers and exfoliated graphite) are widely used in modern industry. The properties of such materials lie somewhere between those of metals, organic polymers and ceramics. We mean here such properties as strength, conductivity and density. But carbon materials have some properties which are superior compared to most of metals. These are thermostability high heat of evaporation and their ability to increase the strength with temperature.
The main structural units of the carbon materials are the graphitic domens included into the amorphous carbon phase. All the properties of different materials depend strongly on the size and mutual orientation of these domens and on the relative quantities of graphite and amarphous phases. One of the routes towards new carbon materials implies modification of the graphitic phase and first of all, their btercalatim by inorganic species resulting in the formation of coordination compounds. Graphite intercalatim compounds (GICs) are the promising type of coordination compounds.
It is web1 known that graphite fromework is built of carbon layers separated by 3.35 A, which is approximately equal to the V5n-der-Waals distance between carbon atoms. The in-plane C-C distance is T. 4T A. This is the same as C-C bond length in aromatic hydrocarbons. Due to the weak interaction between carbon layers different substances can easy extend them and penetrate into the interlayer space thus forming the monomolecular layer. One can roughly classify GICs by the nature of the intercalant and its interaction with the host matrix.
The intercalation of halogens, strong protic acids or aprotic acids, e.g. metal halogenides, leads to the formation of the acceptor type GICs. In this case some charge transfer occurs from carbon layers to the lower antibonding orbitals of the intercalated species. The carbon layers become positively charged. Such compounds are thus donor-acceptor complexes, the graphite being the electron donor. Significant p-type conductivity is observed in such GICs which in some cases(graphite-AsF for example) can achieve that of copper or even silver (ref.1). The inte?layer interactions of the guest species result in very interesting magnetic properties of the acceptor-type GICs. For example, the first stage graphite -FeC13 compound, in which the neighbouring intercalant layers are separated by one carbon layer, is antiferromagnetic as in the case of pure FeCl3, From the other hand, the higher stages GICs, where two salt layers are separated by 2 or more-carbon layers, are ferpmagnetic' (refs 2-4). That means that one can synthesize d'ifferent anisotropic magnetic materials by monitoring the layers stacking of one and the same guest substance.
The interaction of graphite with alkali and alkali-earth metals in vapour or liquid state leads to the formation of GICs in which metal atoms donate their electrons to the carbon layers. In this case the reverse donor-acceptor complexes are formed with negatively charged carbon layers and metalic cations between them. Such compounds exibit significant n-type (electron) conductivity. The in-plane conductivity in this GICs increases for several orders of magnitude and achieves that of aluminium, and (in the case of graphite fibers) even copper.
The graphite coordination compounds of the third type are the graphite complexes with the transition metals e.g. Cr, MO, W, Mn, Fe, Co, Ni, Cu, Pd, Pt etc. Usually they are obtained by the reduction of metal chloride GICs with different electron donors: aromatic anion-radicals, sodium in liquid ammonia, metallic potassium, electron current etc. (refs 5-23) . The compounds obtained are very stable against air, water and temperature.
What is the structure of transition metals GICs? This is a very intrigue question. By analogy with molecular %-complexes of aromatictolefin and ally1 type one could consider some 9T-interaction between metal atoms and carbon macromolecules due to the aromatic nature of carbon layers. Really, the evidence of such interaction in transition metal -graphite compounds have found in the Mdssbauer and X-ray spectroscopy, diffraction and EXAFS studies of GICs. The SIC with Pd has a different structure. The filled layer thickness there is 4 . 3 A which is equal to the distance between benzene molecules in (C H ) Pd (A1 C1 ) . That means that carbon layers in GIC with Pd behave as bofh60?ef?n aid tien ligands, palladium atoms being in the oxidation state + 1. The latter conclusion is in an agreement with ESCA data (ref. The problem of the GIC with Fe, Co, Ni and Mn Structure is more complicated. The Mbssbauer and X-ray spectroscopic studies o f GIC with Fe show that there are two types of iron in such compounds: atomic Fe in the interlayer spaces which (according to the MBssbauer spectra) form E-complexes with carbon layers and a-Fe clusters which do not intercalate into graphite (refs 9,11, 15, 25) . The relation between these forms depends on the reduction conditions and in the favorable cases more than 90% of the iron is found in the form of 3-complexes. The Mbssbauer and X-ray spectroscopy studies of GICs with Co and Mn also show that the metal atoms in these compounds form %-complexes with carbon layers (ref 26). Finally the structure of such GICs was determined by use of EXAFS method (ref. 27 ) . (Figure 2) . The Fe-C1, Fe-C2 and Fe-C distances are 7.00, 3.20 and 3.27 A, respectively, the Fe-C1 distance being %lose to that in ferrocene (2.05 A). That means that the nature of the interaction between Fe and carbon layer and Fe and cyclopentadienyl ring could be similar., The separation of Fe atoms from the other carbon layer is significantly larger and hence there is no bonding between them.Besides Fe-C distance the EXAFS spectra yrovide information about Fe-Fe distance. One of the latter, namely 2.47 A, can be assigned to the intradimer Fe-Fe distance and is also equal to the distance between the centers gf the adjgcent carbon hexagons (2.82A and 3.41A) correspond to the Fe atoms in different dimers being at the neighbouring graphite layers. All these data result in the structutal model shown on the Figure 2 . To conclude, MBssbauer, X-ray spectroscopy and EXAFS support the formation of fl-complexes of transition metal atoms and carbon layers. So the next problem is the nature of the Fe-C bonding in such complexes. (Figure 1 b) . Two other distances
Coordination chemistry of graphite
The theoretical calculations of the electronic structure of Fe-GIC were made using two different approximations. In the first approximation one consider Fe2 dimer and naphtalene molecule, the latter taken instead of graphite layer, The Fe atoms are site above the centres of the six-membered rings parallel to the aromatic plane. The C-C bonds and C-C-C angles are taken as in graphite (Table) .
The alternative approximation deals with the three-dimensional Fe-GIC structure built by C Fe clusters (Fig.3) . R.Hoffman and V.Tremela (ref.28) used crystal orbitad6me&od with EHM approximation. Two sets of Fe parameters were used: solid-state set ( P ) and molecular set ( P ) . From the obtained data one can conclude that 'IT-Eomplexes of Fe with cargon layers are formed also in this case. Looking at the atomic orbital populations ( Table) you can see that when P I solid-state set was used the charge transfer occured from Fe atoms to the &arbon layers, and when the p2 molecular set was used the charge was transferred in the opposite direction. It is rather interesting that the experimental populations obtained from Mbssbauer spectroscopy (ref. 9) are in better agreement with calculated values when solid-state set P was used. So we can summarize that both approximation support the formatiiih of %--complexes of Fe clusters with carbon layers.
Fig.4. Localisation of possible catalytic centres in GICs
A great variety of bond types in GICs as weXl as the features of their StrUCture make it possible to expect interesting catalytic properties. For e x q l e the interaction between metal atoms and carbon layers could lead to modification and stabilisation of active centers. In addition the conductivity of carbon layers influence the electron transport and catalytic activity. On the other hand the fixed distances between graphite layers might be the reason of catalyst selectivity.
Due to the layred structure of GICs different mechanisms of their catalytic activity can be expected. First, the reactions can-proceed at the surfaces of the carbon layers without direct contact between substrate and the intercalated compounds (Figure 4 ,A). In this case the graphite planes are the catalytic centers of the reaction and the intercalant species are needed to create some charge on them. Second, the catalytic reaction can proceed in the empty interlayer spaces of GICs (B). Now again the catalytic centers are the carbon layers. However, in this case the effect of steric hindrances is crusial since the intercalation of any molecules results with necessity in the significant increase of the interlayer distances. Third, the catalytic reactions can proceed through the direct contact of substrate and intercalated compound - Depending on their activity in the oxidation of cyclohexene, GICs with metal chlorides form the following series: CoC12-CuCl (30) )MnC12 (24)) >FeC1 (10) )MoC1 (8) >FeC12(6) > ZnC12(3) >graphfte ( 1 ) . It should be noted, howeve$, that GICi are always much more active that the metal chlorides themselves. The kinetic parameters of this reaction indicate that we are dealing with a heterogeneous-homogeneous process, that is the chain arises on the surface of the GIC while its growth occurs in the reaction mixture.
GIC with metal chlorides catalyze also such reactions of electrophilic substitution as alkylation and acylation (refs 32,33) . In this case, the formation of monoalkylation products take place.
A different type of reactions is associated with GICs with alkaly metals,The negative charge at the graphite plane of these GICs inditates that they must catalyze primarily those reactions which call for electron transfer from the catalyst to the substrate or proceed through the anionic mechanism. This was well demonstrated by .
GICs with potassium are active in the polymerization of some unsaturated compounds (ref. 35) . Of particular interest is the use of GICs with alkali metals in the polymerization of organocyclosfloxanes. It is known, that the polyNiC12 > merization of organocyclosiloxanes in the presence of alkali yields linear polymers containing an alkali metal in the terminal groups. The presence of such groups in a polymer results in its catalytic depolymerisation and decreases its thermostability. If the polymerization occurs on graphite plane the alkali metal is not transferred to the polymer and the thermal stability of polymers is not decrease. Thus we have found that octamethylcyclotetrasiloxane, hexamethylcyclotrisiloxane, trimethyltriphenylcyclotrisiloxane, and trimethyl-tris-(trifluoropropyl)-cyclotrisiloxane are readily polymerizable in the presence of GICs with alkali metals (refs 36,37) . According to thermogravimetric and X-ray fluorescence analysis data, the polymer does not contain potassium, and its decomposition temperature corresponds to that of a potassium-free polymer. The absence of an alkali metal in the polymer suggests that the latter has a cyclic rather than linear structure. It has been found that in the case of C K the polymerization proceeds on the surface of C K. But in the case of C24ft the polymerization proceeds in the interplane sbace of the GIC.
From the point of view of catalysis, GICs with transition metals should be of great interest. The catalytic activity of GICs with transition metals has been studied in reactions of decomposition of alcohols and HCOOH, hydrogenation and isomerization of olefins and acetylenes, reduction of oxygen and oxidation of hydrogen, synthesis of ammonia from nitrogen and hydrogen, and hydrogenation of CO.
The conductivity of GICs make them promising catalysts in electrochemical processes., E.,g.. it was found that GIC-Co display high catalytic activity in electrochemical reduction of oxygen being more active than well known spinels and silver (ref. 38) .
GICs with transition metals (Pt, Pd, Ru, Fe, Co, Ni) display pronounced catalytic activity in the oxidation of hydrogen (ref. 39 ). In the case of a great excess of oxygen, the reaction is of the first order with respect to hydrogen and zero order with respect to oxygen;. the reaction rate is determined by the rate of interaction of H2 with the adsorbed oxygen. The catalytic activity of GICs with transition metals in this case decreases in the series: GIC-Pt)Pd) >Ru )Ni >Co >Fe, and varies antibatically with the metal-oxygen bond energy. When catalysis is conducted with excess hydrogen on GIC with platinum metals, characterized by the least energy of the bond with oxygen, the reaction rate is determined by the rate of chemisorption of 0 2 .
GICs catalyse also the dehydrogenation of alcohols and formic acid. The reaction preceeds with high selectivity without any dehydratation and yields aldehydes and ketones and COz, respectively, maximum activity being achieved when GICs with Ni and Co have been used (refs 30,40) . The high selectivity of Co-GIC was confirmed by the investigation of p-tert. butylcyclohexanol decomposition. Among all possible reaction routes, only one was observed, namely, the dehydrogenation of hydroxyl group which led to exclusively 4-tert. butylcyclohexanone.
A study of the hydrogenation of various unsaturated compounds has not revealed any fundamental difference between GIC-Pd and palladium supported on graphite or carbon. But the introduction of alkali metals into Pd-GIC results in complete deactivation of these catalysts in the reactions of hydrogenation of olefin, thus permits selective hydrogenation of acetylenes to olefins (refs 13, 24) .
These results open up new possibilities of regulating the catalytic activity of GICs with transition metals. They include changing the effective charge at the transition metal atoms in the GIC by introducing various additives e.g. the insertion of potassium into GICs with transition metals. We observed this effect of potassium in studying Mbssbauer spectra of GIC with Fe and K (refs 16,41) .
A study of the synthesis of ammonia from nitrogen and hydrogen catalysing by Fe-GIC has shown that the Fe-GIC alone is not active. The introduction of potassium into the system gives rise to activity which increases with the K: Fe ratio and is maximum at K: Fe=6 to 7 . . The same extreme relationship was observed in studying the isotopic exchange of nitrogen (ref. 42) . The experimental data prove a direct relationship between the electronic state of the Fe atom in the GIC and its catalytic activity. These findings agree well with the work of Tamaru (ref. 43 ) who showed that the system obtained by heating the graphite with metal chloride, followed by treatment with potassium, are active in Ozakl et a1 (refs 44,46) who studied the promoting effect of potassium on the catalytic activity of supported ruthenium. Recently, similar catalysts based on iron carbonyls on potassium-treated carbon supports were found to be active in ammgnia synthesis, the system based on K2Fe2(C0I8 being perceptibly active at 150 C (ref. 47 ).
In the same way GICs with transition metals and potassium catalyze the formation of hydrocarbons from CO and H2 (ref. 48 ). In the presence of GICs with Co, Fe, Mo, 0 s and Ru, methane is primarily formed, while ethane is formed in the presence of GIC with Cur Pt and Pd. The activity of these systems also increases with potassium to metal ratio. It should be noted that the composition of products of hydrogenation in the presence of cobalt supported on graphite and containing potassium differs considerably from that of the products obtained on GIC with Co and K.
The other interesting example is the catalytic activity of GIC with Co and K in dienes polymerization. This GIC unlike GIC with K polimerize isoprene selectivity to polyisoprene containing up to 95% of 3,4-links (ref. 49 ).
The interaction of the inserted substances with the graphite may lead to activation of not only these substances but also the carbon networks of graphite. This may promote transformation of the graphite itself to diamond since this process can be considered as cross-linking of the graphite networks. We have found that GICs with various transition metals are active catalysts of graphite-to-diamond transformation (ref. 50). For example, a mixture of graphite with 10% Fe-GIC produces diamond at 70 to 80 kbar and 1200 to 1600°C. This reaction proceeds much faster than in the case of conventional metal catalysts. A study of this process using Mbssbauer spectra has revealed that under the reaction condition the GIC with iron remains basically intact and no metallic iron is formed. Thus the formation of GICs lads to mutual modification of both inserted substance and the graphite itself.
In this paper we try to shaw the fruitfulness of the coordination chemistry approach to graphite chemistry. Such approach reveal new possibilities in creations of new materials, new reactions and new catalysts.
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